Ubiquitin plays essential roles in various cellular processes; therefore, it is of keen interest to study the structure-function relationship of ubiquitin itself. We investigated the modification of Lys 6 of ubiquitin and its physiological consequences. Mass spectrometry-based peptide mapping and N-terminal sequencing demonstrated that, of the 7 Lys residues in ubiquitin, Lys 6 was the most readily labeled with sulfosuccinimidobiotin. Lys 6 -biotinylated ubiquitin was incorporated into high molecular mass ubiquitin conjugates as efficiently as unmodified ubiquitin. However, Lys 6 -biotinylated ubiquitin inhibited ubiquitin-dependent proteolysis, as conjugates formed with Lys 6 -biotinylated ubiquitin were resistant to proteasomal degradation. Ubiquitins with a mutation of Lys 6 had similar phenotypes as Lys 6 -biotinylated ubiquitin. Lys 6 mutant ubiquitins (K6A, K6R, and K6W) also inhibited ATP-dependent proteolysis and caused accumulation of ubiquitin conjugates. Conjugates formed with K6W mutant ubiquitin were also resistant to proteasomal degradation. The dominant-negative effect of Lys 6 -modified ubiquitin was further demonstrated in intact cells. Overexpression of K6W mutant ubiquitin resulted in accumulation of intracellular ubiquitin conjugates, stabilization of typical substrates for ubiquitin-dependent proteolysis, and enhanced susceptibility to oxidative stress. Taken together, these results show that Lys 6 -modified ubiquitin is a potent and specific inhibitor of ubiquitin-mediated protein degradation.
The ubiquitin/proteasome pathway (UPP) 1 is involved in regulating the cell cycle, signal transduction, differentiation, stress response, and DNA repair. Most of these functions are mediated by the conditional turnover of regulatory and abnormal proteins in eukaryotic cells (1) (2) (3) (4) . In this essential pathway, the conserved ubiquitin acts as a degradation signal upon covalent linkage of multiple ubiquitins to cellular substrates. This is accomplished through the formation of an isopeptide bond between the C terminus of ubiquitin (Gly 76 ) and an internal lysine residue of the substrate. Formation of the ubiquitin-substrate conjugates is usually followed by additional rounds of conjugation of more ubiquitins to the initial adduct, also via isopeptide bonds, leading to the assembly of long polyubiquitin chains. Although polyubiquitin chains formed via Lys 6 (5), Lys 11 (6) , Lys 29 (7) , and Lys 63 (7) (8) (9) (10) are detected in cell-free systems and/or in whole cells and are competent for 26 S proteasome-dependent degradation (6, 11) , Lys 48 -linked polyubiquitin chains represent the predominant signal for targeting substrates to the 26 S proteasome (12) (13) (14) . Polyubiquitin chains linked through lysine residues other than Lys 48 have functions principally independent of targeting proteins for degradation, such as DNA repair and signal transduction (8 -11) .
The 26 S proteasome specifically degrades ubiquitin-conjugated proteins, and it is assembled from a 20 S catalytic core and two 19 S regulatory complexes (also called PA700) that cap the entry to the cylindrical catalytic core (15) (16) (17) (18) . It is the 19 S regulatory complex that recruits ubiquitin-protein conjugates to the 26 S proteasome and translocates the ubiquitinated proteins into the catalytic cavity. It has been demonstrated that S5a (also called MBP1 and Mcb1p), the ATPase S6Ј subunit of the 19 S regulatory complex, and Rad23, a proteasomeassociated protein, can each bind polyubiquitin chains (6, 19 -23) . The 19 S regulatory complex also has deubiquitinating activity, which removes ubiquitin from the substrate prior to or coordinated with degradation of the substrate proteins. Such deubiquitination may serve both in degradation and in proofreading or editing functions (24 -26) .
Biotinylated ubiquitin has been used as a probe to study the function of the UPP (27) . However, biotinylated ubiquitin has not been characterized in detail, and the potential kinetic artifacts of biotinylated ubiquitin have not been assessed. In most cases, Lys residues are modified by biotinylating reagents such as sulfosuccinimidobiotin (sulfo-NHS-biotin). Some of the 7 Lys residues in ubiquitin are essential for formation of polyubiquitin chains. Modification of 1 or more of the critical Lys residues may abolish the ability of ubiquitin to form polyubiquitin chains. Modifications of some Lys residues may also alter the surface property of ubiquitin chains and may interfere with the interaction between ubiquitin conjugates and the proteasome. Previous studies indicated that Lys 6 is the most susceptible residue to modification by various chemicals, such as p-nitrophenyl acetate (28) , aspirin (29) , acetic anhydride (30) , and Oregon green succinimidyl ester (31) . This preference for mod-ification could be due to the differential amine surface accessibility (29) or to the catalytic microenvironment. The latter is most likely with respect to Lys 6 because acetylation of Lys 6 depends upon its interaction with His 68 (30) . In the threedimensional structure of ubiquitin, His 68 is located in the vicinity of Lys 6 (32, 33) . The interaction between Lys 6 and His 68 provides a catalytic microenvironment for the modification of Lys 6 (30) . Given the similarity between biotinylation and the chemical modifications mentioned above, Lys 6 could also be the dominant site of biotinylation.
Individual Lys-to-Arg mutations are often used to test the role of particular Lys residues in ubiquitin chain formation. However, the physiological consequences of Lys-to-Arg mutations may be due to factors unrelated to whether that particular Lys is used for chain synthesis. Disruption of a face on ubiquitin necessary for recognition by enzymes involved in ubiquitin conjugation or degradation could be one of the factors. A detailed characterization of biotinylated ubiquitin will allow us to determine the role of a particular Lys residue in ubiquitin chain formation and in maintaining the surface property for proper interaction with enzymes involved in ubiquitination, deubiquitination, and degradation of ubiquitin conjugates.
In this study, we ascertained which Lys residues are modified by sulfo-NHS-biotin. Subsequently, we determined the ability of various biotinylated ubiquitins to form ubiquitin conjugates and to support ubiquitin-dependent degradation. The results show that 1) Lys 6 was the most readily labeled with sulfo-NHS-biotin; 2) Lys 6 -biotinylated ubiquitin was used as efficiently as unmodified ubiquitin to form high molecular mass ubiquitin conjugates; 3) Lys 6 -biotinylated ubiquitin inhibited ubiquitin-dependent degradation because conjugates formed with Lys 6 -biotinylated ubiquitin were less susceptible to degradation by the 26 S proteasome; 4) K6W mutant ubiquitin had effects similar to those of Lys 6 -biotinylated ubiquitin; and 5) intracellular expression of K6W mutant ubiquitin resulted in stabilization of substrates for the UPP and enhanced susceptibility to oxidative stress. The data indicate that Lys 6 -modified ubiquitin is a specific inhibitor of the UPP and a valuable reagent for studying functions of ubiquitin-dependent cellular processes.
EXPERIMENTAL PROCEDURES
Materials-Tris, acrylamide, N,NЈ-methylenebisacrylamide, N,N,NЈ,NЈ-tetramethylenediamine, 2-mercaptoethanol, SDS, glycine, and protein molecular mass standards were purchased from Bio-Rad. Sulfo-NHS-biotin and chemiluminescence detection SuperSignal kits were purchased from Pierce. Ubiquitin, bovine ␣-lactalbumin, dithiothreitol, MgCl 2 , Me 2 SO, ATP, creatine phosphate, and creatine phosphokinase were purchased from Sigma.
125
I-Protein A and Na 125 I were obtained from PerkinElmer Life Sciences. Anti-ubiquitin antibody was produced in New Zealand White rabbits. Antibodies to p21 WAF1 and green fluorescent protein (GFP) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Ubiquitin aldehyde was purchased from Boston Biochem (Cambridge, MA). Sequencing grade trypsin and Lys-C were purchased from Roche Diagnostics. Cell culture medium and Lipofectamine 2000 were purchased from Invitrogen.
Labeling of Ubiquitin with Biotin and Purification of Biotin-labeled Ubiquitin-Ubiquitin was dissolved in phosphate-buffered saline at a concentration of 10 mg/ml at pH 7.4. 100 mM sulfo-NHS-biotin stock solution was made in Me 2 SO. To obtain ubiquitins with various levels of biotin attached, an appropriate volume of sulfo-NHS-biotin stock solution was mixed with the ubiquitin solution to achieve molar ratios of sulfo-NHS-biotin to ubiquitin of 2, 3.5, and 7. The reaction was carried out on ice for 2 h with occasional shaking and was terminated by addition of lysine at a final concentration of 20 mM. The biotinylated ubiquitins were purified by reversed-phase HPLC (HP 1100) on a Vydac C 18 column (4.6 ϫ 250 mm, 5-m particle size, 90-Å pore size) using water/acetonitrile linear gradients containing 0.05% trifluoroacetic acid in both mobile phases. The elution gradient started at 20% acetonitrile and increased to 70% acetonitrile in a 40-min period. Elution was monitored at 254 and 280 nm. Peaks were collected individually. The masses of ubiquitin in each fraction were determined by a matrixassisted laser desorption ionization time-of-flight mass spectrometer (Voyager-DE Biospectrometry workstation, PerSeptive Biosystems) or by an in-line electrospray ionization ion-trap mass spectrometer (Esquire-LC, Bruker Daltonik GmbH).
Mapping the Sites of Biotinylation-Each fraction of biotinylated ubiquitin was lyophilized and redissolved in 100 mM Tris-HCl (pH 8.0) containing 1 mM EDTA at a concentration of 1 mg/ml. Twenty g of biotinylated ubiquitin was digested with 2 g of sequencing grade Lys-C or trypsin at 32°C for 16 h. The resulting peptides were separated by HPLC (HP 1100) on a Vydac C 18 column (1 ϫ 50 mm, 5-m particle size, 300-Å pore size) with gradients from 0 to 60% acetonitrile over 40 min. The masses of the separated peptides were determined with the Esquire-LC in-line electrospray ionization ion-trap mass spectrometer. The sites of biotinylation were determined by comparing the observed peptide masses with the calculated masses of all peptides that could be derived from ubiquitin after digestion with Lys-C or trypsin. The sites of biotinylation were also confirmed by N-terminal sequencing of biotinylated ubiquitins. To do this, each of the purified biotinylated ubiquitins was sequenced for 34 cycles using a protein sequencer (Applied Biosystems).
Generation of Ubiquitin Mutants-K6A and K6R mutant ubiquitins were generated by PCR-based site-directed mutagenesis and expressed in Escherichia coli as described previously (34) . K6W mutant ubiquitin was generated by PCR amplification of mouse polyubiquitin cDNA (35) with forward primer 5Ј-CGCCACCATGCAGATCTTCGTGTGGACC-3Ј and reverse primer 5Ј-TTAGCCACCTCTCAGGCAAGGACC-3Ј. The PCR products were purified and inserted into the pAdTrack-CMV vector (36) for expression in mammalian cells or subcloned into the pET15b vector (Novagen) for expression in E. coli. The sequence of the mutant ubiquitin gene was confirmed by sequencing the entire coding region. Recombinant adenoviruses were generated using the AdEasy adenoviral vector system (36) . To study the effect of K6W mutant ubiquitin in HEK293 cells, wild-type and K6W mutant ubiquitin constructs were introduced into 293 cells using Lipofectamine according to the manufacturer's instructions. To study the effect of K6W mutant ubiquitin in human lens epithelial cells, the cells were infected with control recombinant adenovirus (no ubiquitin) and with recombinant adenovirus encoding K6W mutant ubiquitin.
Detection of Ubiquitin Conjugates-Levels of endogenous ubiquitin conjugates were determined by Western blotting as described previously (37) . Briefly, proteins were resolved by SDS-PAGE on 12% gels and transferred to nitrocellulose. The blots were probed with antibody to ubiquitin. The specifically bound antibody was detected with 125 Iprotein A, followed by autoradiography or by chemiluminescence detection using the SuperSignal kit.
De Novo Ubiquitin Conjugation-The ability of biotinylated ubiquitins to support ubiquitination was determined in fraction II of rabbit reticulocytes (38) or in the supernatant (S100) of retinal pigment epithelial (RPE) cells. Fraction II of reticulocytes and RPE cell lysate were prepared as described previously (38, 39) . The conjugation activity was determined using endogenous enzymes and exogenous 125 I-labeled bovine ␣-lactalbumin or bovine transducin-␣ as substrate. Briefly, the assay was conducted in a final volume of 25 l containing (final concentrations) 12 mg/ml RPE cell supernatant or 10 mg/ml fraction II, 50 mM Tris (pH 7.6), 2 mM ATP, 1 mM dithiothreitol, 5 mM MgCl 2 , 4 M 125 I-labeled substrate, and 8 M wild-type or mutant ubiquitin. The mixture was incubated at 37°C for 20 min, and the reaction was stopped by addition of 25 l of 2ϫ SDS-PAGE loading buffer. After boiling at 100°C for 3 min, aliquots of the mixture were resolved by SDS-PAGE. The ubiquitin conjugates formed de novo were visualized by autoradiography.
Ubiquitin-dependent Degradation of Model Substrates-The ability of differentially modified ubiquitins to support ATP-dependent degradation was determined in RPE cell lysates using 125 I-labeled ␣-crystallin or transducin-␣ as substrate. Briefly, the assay was conducted in a final volume of 25 l containing (final concentrations) 12 mg/ml RPE cell supernatant, 8 M wild-type or mutant ubiquitin, 50 mM Tris (pH 7.6), 2 mM ATP, 1 mM dithiothreitol, 5 mM MgCl 2 , 4 mM creatine phosphate, 2 g/ml creatine phosphokinase, and 2-4 M 125 I-labeled substrate. The same conditions were used to measure ATP-independent degradation except that ATP, creatine phosphate, and creatine phosphokinase were replaced with 30 mM 2-deoxyglucose. The reaction was carried out at 37°C for 2 h and then stopped by addition of 200 l of cold 1% (w/v) bovine serum albumin solution and 50 l of 100% (w/v) trichloroacetic acid. The mixture was centrifuged at 14,000 ϫ g for 10 min after standing on ice for 10 min, and the radioactivity in the supernatants and pellets was counted. The degradation rates are expressed as percentages of the 125 I-labeled substrates that became trichloroacetic
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Proteasome Binding Assay-Bovine ␣-lactalbumin was first labeled with 125 I and used as substrate for ubiquitin conjugation. Ubiquitin conjugates of 125 I-labeled ␣-lactalbumin were formed in proteasomefree fraction II of rabbit reticulocytes upon addition of wild-type, Lys 6 -biotinylated, K6W, or L8A mutant ubiquitin. To obtain proteasome-free fraction II, rabbit reticulocyte fraction II was prepared as described (41) , and the proteasome was removed from fraction II by centrifugation at 100,000 ϫ g for 5 h (42). The ubiquitin conjugates of 125 I-labeled ␣-lactalbumin were isolated chromatographically using a DE52 column. Proteasome from rabbit reticulocyte was resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes. After denaturation and renaturation procedures (19, 20) , the membranes were probed with the respective ubiquitin conjugates of 125 I-labeled ␣-lactalbumin. To quantitatively test the capability of binding to S5a, glutathione S-transferase (GST)-S5a fusion protein was immobilized on glutathione-agarose as described (43) and incubated overnight with ubiquitinated 125 I-labeled ␣-lactalbumin at 4°C. After five washes with 50 mM Tris, 150 mM NaCl, and 0.2% Tween 20, bound ubiquitin conjugates, together with GST-S5a, were eluted with 10 mM glutathione and quantified using a ␥-counter. GST-glutathione-agarose was used as negative control to subtract nonspecific binding.
Sensitivity to Oxidative Stress Assays-Human lens epithelial cells at ϳ50% confluence were infected with recombinant adenovirus encoding K6W mutant ubiquitin or with control adenovirus for 48 h. The cells were then exposed to ϳ20 M H 2 O 2 constantly generated by addition of glucose oxidase to the medium (0.1 unit/dish) as described (4). After exposure to H 2 O 2 for 8 h, cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay using reagents from Promega. Cells detached from the plate were collected and stained with trypan blue, and the stained and unstained cells were then counted using a hemocytometer. Cells adhering to the dishes were collected with trypsin/EDTA and counted to determine the total number of cells in each dish. (Ͼ99% of the adherent cells were viable.) Susceptibility to oxidative stress was indicated by a decrease in cell viability and by an increase in the number of cells stained with trypan blue (dead cells) after exposure to H 2 O 2 .
Sensitivity to Canavanine-K6R mutant ubiquitin was constructed and expressed in yeast as described (8) . In brief, wild-type or K6R mutant ubiquitin under the control of the CUP1 promoter (16) was transformed into a yeast strain (SUB328) in which the genes encoding ubiquitin-ribosomal protein fusions (UBI1 to UBI3) and polyubiquitin (UBI4) had been deleted (44) . The yeast cells were cultured in the presence or absence of 1 M canavanine, an amino acid analog.
RESULTS
Lys 6 of Ubiquitin Is the Most Readily Labeled with Sulfo-NHS-biotin-
To characterize relations between the stoichiometry of sulfo-NHS-biotin and the extent and location of ubiquitin modification, we isolated biotinylated ubiquitins that were formed using different amounts of sulfo-NHS-biotin (Fig.  1A ). There are 7 Lys residues in a ubiquitin molecule (Lys 6 , Lys 11 , Lys 27 , Lys 29 , Lys 33 , Lys 48 , and Lys 63 ). Together with the N-terminal amine group, there are eight possible positions that can be labeled with sulfo-NHS-biotin. When the sulfo-NHSbiotin/ubiquitin ratio was 2, Ͼ95% of the ubiquitin was modified, and the majority of the ubiquitin was monobiotinylated (Fig. 1B) . When the sulfo-NHS-biotin/ubiquitin ratio was increased to 3.5, 100% of the ubiquitin was modified by at least one biotin moiety (Fig. 1C) . The modified ubiquitins were separated by HPLC, and their masses were determined using an in-line mass spectrometer. The peak that eluted at ϳ22.5 min had a mass of 8565.0 Da, which corresponds to unmodified ubiquitin. The peak that eluted at ϳ23.5 min had a mass of 8790.3 Da, which corresponds to monobiotinylated ubiquitin. The peaks that eluted at ϳ24.5 and 26 min, respectively, had an identical mass of 9016.3 Da, corresponding to dibiotinylated ubiquitin. The peak that eluted at ϳ27 min had a mass of 9242.8 Da, corresponding to tribiotinylated ubiquitin.
There are eight positions where a single biotin might attach and 28 or 56 combinations of possible di-or tribiotinylated ubiquitins, respectively. To determine which Lys residues were labeled with biotin, the differentially labeled ubiquitins were digested with endopeptidase Lys-C, which cleaves peptide bonds after Lys residues. The resulting peptides were separated by HPLC, and the masses were determined as described above. Except for the Ala 28 -Lys 29 and Ile 30 -Lys 33 peptides, all peptides were recovered stoichiometrically during peptide mapping. Comparison of the masses of peptides from monobiotinylated ubiquitin and from unmodified ubiquitin showed that, upon biotinylation, only the mass of the Met 1 -Lys 11 peptide increased by the mass of the biotin adduct (227 atomic mass units) (Table I) . Thus, the biotin in monobiotinylated ubiquitin is exclusively located between Met 1 and Lys 11 . One of FIG. 1. Characterization of biotinlabeled ubiquitin. Sulfo-NHS-biotin modifies primary amine groups on proteins to form amide bonds (A). Ubiquitin was labeled in PBS (pH 7.5) with sulfo-NHS-biotin at molar ratios of 2 (B) and 3.5 (C). The labeled ubiquitin was separated by HPLC, and elution was monitored at 280 nm (B and C). Peaks were collected, and the molecular mass of each peak was determined by mass spectrometry. The peak that eluted at ϳ22.6 min had a mass of 8565.0 Da, which corresponds to unmodified ubiquitin (Ub). The peak that eluted at ϳ23.5 min had a mass of 8790.3 Da, which corresponds to monobiotinylated ubiquitin ((Bio) 1 Ub). The peaks that eluted at ϳ24.5 and 26 min had an identical mass of 9016.3 Da, which corresponds to dibiotinylated ubiquitin ((Bio) 2 Ub). The peak that eluted at ϳ27 min had a mass of 9242.8 Da, which corresponds to tribiotinylated ubiquitin ((Bio) 3 Ub). mAU, milli-absorbance units. (Table I) . Thus, this dibiotinylated ubiquitin was labeled at Lys 6 and Lys 63 . One of the biotins in dibiotinylated ubiquitin that eluted at ϳ24.5 min was located at Glu 34 -Lys 63 (Table I ). This dibiotinylated ubiquitin had a different retention time compared with Lys 6 /Lys 63 -dibiotinylated ubiquitin, suggesting that it was labeled at Lys 6 and Lys 48 . To definitively determine this labeling site, this dibiotinylated ubiquitin was digested with trypsin, which cleaves peptide bonds after Lys and Arg residues. Peptide mapping showed that one biotin was located in the Met 1 -Lys 11 fragment and that the other was located at the Leu 43 -Arg 54 fragment (Table II) , confirming that this ubiquitin was labeled at Lys 6 and Lys 48 . Peptides containing Lys 29 and Lys 33 were not detected by peptide mapping because of poor retention of these small fragments on the HPLC column. To determine whether these residues were labeled with biotin, biotinylated ubiquitins were sequenced by Edman degradation for 34 cycles, which revealed that ϳ10% of the dibiotinylated ubiquitin in the peak that eluted at ϳ24.5 min was labeled at Lys 6 and Lys 33 . No modification at Lys 11 , Lys 27 , or Lys 29 was observed unless the sulfo-NHS-biotin/ubiquitin ratio was Ͼ7 (data not shown). Peptide mapping and Edman degradation analysis showed that biotins were at Lys 6 , Lys 48 , and Lys 63 in tribiotinylated ubiquitin (Table I) . Taken together, these data indicate that the order of susceptibility of amino groups in ubiquitin to modification by sulfo-NHS-biotin is Lys 6 Ͼ Ͼ Lys 63 Ͼ Lys 48 Ͼ Ͼ Lys 33 Ͼ Ͼ Lys 11 , Lys 27 , and Lys 29 .
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Biotinylated Ubiquitin Is Efficiently Used by the Ubiquitin Conjugation System to Form Ubiquitin Conjugates de Novo-
The differentially biotinylated ubiquitins were isolated by HPLC, and their abilities to form ubiquitin conjugates were tested using reticulocyte fraction II. Fraction II is largely free of ubiquitin, but contains E1 and most E2 and E3 enzymes. Therefore, it allowed us to evaluate the utilization of biotinylated ubiquitin by the endogenous cellular ubiquitin conjugation machinery rather than by a single combination of E1, E2, and E3. To determine the relative extent of ubiquitination of endogenous substrates with biotinylated ubiquitin, 2 g of the differentially biotinylated ubiquitins was added to each 25-l assay, and the levels of ubiquitin conjugates were determined by Western blotting. A dramatic increase in high molecular mass ubiquitin conjugates was observed when wild-type ubiquitin was added to the assay (Fig. 2A, compare lanes 1 and 2) , confirming that fraction II is largely devoid of ubiquitin. Addition of biotinylated ubiquitin to the assay resulted in a comparable increase in ubiquitin conjugates (Fig. 2A, compare lane 2  with lanes 3-6) , indicating that these biotinylated ubiquitins were efficiently incorporated into high molecular mass ubiquitin conjugates. Because it is thought that Lys 48 and Lys 63 are usually used to form the inter-ubiquitin linkages that allow for polyubiquitin chain assembly, it was surprising to find that even when Lys 6 and Lys 48 or Lys 6 and Lys 63 were blocked (Lys 6 /Lys 48 -and Lys 6 /Lys 63 -dibiotinylated ubiquitins, respectively), these biotinylated ubiquitins were capable of forming high molecular mass ubiquitin conjugates in this system. These data indicate that, in addition to Lys 48 and Lys 63 , other Lys residues in ubiquitin are capable of forming high molecular mass conjugates, particularly when Lys 48 or Lys 63 is not available. The specific linkage of polyubiquitin chains may also be substrate-dependent because both substrate specificity and polyubiquitin chain linkage are governed by combinations of specific E2 and E3 enzymes (45) . As shown in Fig. 3A , Lys 6 / Lys 48 -dibiotinylated ubiquitin could not form high molecular mass conjugates with transducin-␣. Under the steady-state conditions used in this assay, the levels of ubiquitin conjugates reflect the balance between conjugate formation and degradation/deconjugation. Therefore, although the levels of ubiquitin conjugates appear to be very similar for each of the modified ubiquitins, the rates of conjugation and degradation/deconjugation may vary for the differentially modified ubiquitins.
To further determine whether Lys 6 -biotinylated ubiquitin 8 -12) shows that unmodified and Lys 6 -biotinylated ubiquitins were capable of competing with 125 I-labeled ubiquitin as indicated by the progressively reduced levels of 125 I-labeled ubiquitin conjugates in the presence of increasing levels of wild-type or Lys 6 -modified ubiquitin, respectively. Lys 6 -biotinylated ubiquitin competed with 125 I-labeled ubiquitin almost as efficiently as unmodified ubiquitin (Fig. 2, B, compare lanes  1-6 with lanes 7-12; and C) . In a reciprocal experiment, we determined the competition of wild-type ubiquitin with Lys 6 -biotinylated ubiquitin (Fig. 2D) . As shown by the progressive decrease in the levels of biotinylated ubiquitin conjugates, which were detected by horseradish peroxidase-conjugated avidin, wild-type ubiquitin competed with Lys 6 -biotinylated ubiquitin in a dose-dependent manner. These data demonstrate that unmodified and Lys 6 -biotinylated ubiquitins are equally used by the ubiquitin conjugation system. Lys 6 -modified Ubiquitin Inhibits ATP-dependent Degradation-To further characterize the ability of biotinylated ubiquitin to support ATP-dependent degradation, proteolysis of exogenous 125 I-labeled substrates was tested in RPE cell supernatants. These RPE cell preparations have limited amounts of free ubiquitin (39) . Endogenous ubiquitin supported modest ATP-dependent degradation (22%) ( Table III) . Addition of wildtype ubiquitin to the RPE cell supernatant increased the ATPdependent degradation by ϳ100% (Table III) . In contrast, addition of Lys 6 -biotinylated ubiquitin had the opposite effect, inhibiting the ATP-dependent degradation by ϳ45%. The dominant-negative effect of biotinylated ubiquitin appears not to be due to steric effects because K6A mutant ubiquitin, which has no steric bulk, inhibited degradation to a similar extent (Table  III) . Similarly, K6W mutant ubiquitin also inhibited ATP-dependent degradation. Lys 6 /Lys 48 -and Lys 6 /Lys 63 -dibiotinylated ubiquitins and Lys 6 /Lys 48 /Lys 63 -tribiotinylated ubiquitin also inhibited proteolysis in the RPE cell supernatant (Table  III) .
The dominant-negative effect of Lys 6 -modified ubiquitin was not limited to RPE cells. Addition of Lys 6 -biotinylated or K6W mutant ubiquitin to rabbit reticulocyte lysate, which has sufficient endogenous ubiquitin, also inhibited the ATP-dependent degradation of ␣A-crystallin by 60 -70%, whereas addition of wild-type ubiquitin had little effect (Table IV) . Lys
-modified Ubiquitin Causes Accumulation of High Molecular Mass Ubiquitin
Conjugates-To determine the mechanism of the inhibitory effect of Lys 6 -modified ubiquitin on ATP-dependent degradation, we studied the stability of ubiquitinated substrates. Transducin and ␣-lactalbumin were labeled with 125 I and used as substrates for conjugation assays in the RPE cell supernatant. Fig.  3A (compare lanes 1 and 2) shows that a slight increase in the levels of ubiquitin conjugates was observed when additional wild-type ubiquitin was included in the assay. When equivalent amounts of Lys 6 -modified ubiquitin were used in the conjugation assays, sig-
FIG. 2. Biotin-labeled ubiquitin is efficiently used by the ubiquitin conjugation system to form ubiquitin conjugates.
A, 2 g of wild-type ubiquitin (wt Ub) or purified Lys 6 -biotinylated ubiquitin (K6-Bio Ub) was added to fraction II of rabbit reticulocytes in the presence of 2 mM ATP in a 25-l assay. After incubation at 37°C for 30 min, the reaction was terminated by addition of 25 l of 2ϫ SDS gel loading buffer. The mixture was resolved by SDS-PAGE and transferred to a nitrocellulose membrane. The levels of ubiquitin conjugates (Ub-conj.) were detected by Western blot analysis using anti-ubiquitin antibodies. 12) was added to the conjugation assays, which contained 0.5 g of 125 I-labeled wild-type ubiquitin. Ubiquitin conjugation was performed as described for A, and ubiquitin conjugates were monitored by autoradiography. C, the results in B were quantitated by densitometry. D, 0 -4 g of wild-type ubiquitin was added to the conjugation assays, which contained 0.5 g of Lys 6 -biotinylated ubiquitin. Biotinylated ubiquitin conjugates were determined with horseradish peroxidase-conjugated avidin using a chemiluminescence detection kit. 6 -modified Ubiquitin 20369 nificant amounts of high molecular mass ubiquitin conjugates were observed (Fig. 3A, compare lanes 2 and 3) . Similar results were obtained with Lys I-labeled ubiquitin similarly compared with unmodified ubiquitin for conjugate formation (Fig. 2, B and C) , but it inhibited proteolysis (Tables  III and IV) . The increased levels of high molecular mass ubiquitin conjugates in these assays suggest that Lys 6 is required for degradation and/or deconjugation of ubiquitin conjugates and that blocking Lys 6 by biotinylation diminishes the degradation or deconjugation process. This hypothesis is supported by the observation that an increase in high molecular mass conjugates was also detected when K6A, K6R, or K6W mutant ubiquitin was used in place of Lys 6 -modified ubiquitin (Fig. 3, B Tables III and IV suggest that, although Lys 6 -modified ubiquitin is conjugationcompetent, it does not support degradation, perhaps due to an inability to degrade conjugates formed with modified or mutant ubiquitin. To directly test the susceptibility of conjugates formed with Lys 6 -modified ubiquitin to proteasomal degradation, 125 I-labeled ␣-lactalbumin was ubiquitinated in proteasome-free fraction II of rabbit reticulocyte using wild-type, Lys 6 -biotinylated, or mutant ubiquitin. The conjugates were then separated from non-ubiquitinated 125 I-labeled ␣-lactalbumin by ion-exchange chromatography and subjected to degradation by the reconstituted 26 S proteasome. The profiles of the isolated conjugates formed with each modified or mutant ubiquitin are shown in Fig. 4A . Although the profiles of conjugates formed with Lys 6 -modified or mutant ubiquitin were not identical to those formed with wild-type ubiquitin, they were similar. The rates of proteasome-dependent degradation of conjugates formed with Lys 6 -modified or mutant ubiquitin were ϳ80% lower than those formed with wild-type ubiquitin (Fig.  4B) . It has been reported that mutation of the hydrophobic patch (Leu 8 , Ile 44 , and Val 70 ) also results in accumulation of ubiquitin conjugates due to resistance to proteasomal degradation (46, 47) . We compared the susceptibilities of conjugates I and used as substrates for conjugation assays in the RPE cell supernatant. Each 25-l assay contained 2 g of native or modified ubiquitin (Ub) as indicated. The reaction mixture was resolved by SDS-PAGE, and the levels of ubiquitinated substrates were determined by autoradiography. In C, K6W mutant ubiquitin was His 6 -tagged; therefore, the masses of the mono-, di, and triubiquitinated ␣-lactalbumin conjugates formed with this mutant ubiquitin were a little higher than those formed with wild-type ubiquitin (wt Ub). K6 
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formed with Lys 6 -modified ubiquitin with those formed with L8A mutant ubiquitin. The data show that conjugates formed with L8A mutant ubiquitin were even less susceptible to proteasomal degradation than those formed with Lys 6 -modified or K6W mutant ubiquitin. The proteasome-dependent degradation of conjugates formed with L8A mutant ubiquitin was only ϳ10% of those formed with wild-type ubiquitin (Fig. 5B) . Although conjugates formed with L8A mutant ubiquitin were more resistant to proteasomal degradation than those formed with Lys 6 -modified ubiquitin (Fig. 5B ), L8A mutant ubiquitin was less potent than Lys 6 -biotinylated or K6W mutant ubiquitin in inhibiting ATP-dependent degradation of ␣-crystallin in rabbit reticulocyte lysate (Table IV) . This may be due to reduced incorporation of L8A mutant ubiquitin into polyubiquitin conjugates in this system.
To determine whether altered susceptibility to isopeptidases also plays a role in the accumulation of conjugates formed with Lys 6 -modified ubiquitin, we determined the stability of these conjugates in proteasome-free fraction II. Wild-type and Lys 6 -biotinylated ubiquitins were labeled with 125 I, and ubiquitin conjugates were formed in proteasome-free fraction II. The stability of the 125 I-labeled ubiquitin conjugates was determined in the presence of a 20-fold excess of unlabeled wild-type ubiquitin. As shown in Fig. 4C , the levels of conjugates formed with wild-type ubiquitin (lanes 1-3) or Lys 6 -modified ubiquitin (lanes 4 -6) decreased rapidly during the chase period. There were no significant differences in the rates of deubiquitination (Fig. 4C, compare lanes 1-3 with lanes 4 -6) . If isopeptidases were inhibited by ubiquitin aldehyde, ubiquitin conjugates were stable during the chase period (Fig. 4C, lanes 7 and 8) . In addition, several low molecular mass ubiquitin conjugates were observed in the presence of ubiquitin aldehyde (Fig. 4C,  lane 8) . These data indicate that conjugates formed with Lys 6 -modified ubiquitin are not resistant to deubiquitination by isopeptidases.
Conjugates Formed with Lys 6 -modified Ubiquitin Bind the 26 S Proteasome with Reduced Avidity-To determine the molecular mechanisms that underlie the resistance to proteasomal degradation of conjugates formed with Lys 6 -modified ubiquitin, we determined the capability of these conjugates to interact with the proteasome. To do this, ubiquitinated 125 Ilabeled ␣-lactalbumin was formed and isolated as described above. Proteasome from rabbit reticulocyte was resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes. After denaturation and renaturation procedures (19, FIG. 5 . Conjugates formed with Lys 6 -modified ubiquitin bind S5a of the proteasome with reduced avidity. Ubiquitin conjugates of ␣-lactalbumin were formed with wild-type, Lys 6 -biotinylated, or K6W or L8A mutant ubiquitin and isolated as described in the legend to Fig.  4 . A, proteasome isolated from rabbit reticulocytes was resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes. After denaturation and renaturation procedures, the membranes were incubated overnight with conjugates of 125 I-labeled ␣-lactalbumin formed with wild-type or Lys 6 -biotinylated ubiquitin. After removal of nonspecifically bound radioactivity, the membranes were exposed to x-ray film, and the specific binding was visualized by autoradiography. cpm) formed with wild-type, Lys 6 -biotinylated, or K6W or L8A mutant ubiquitin were incubated with GST-S5a, which was immobilized overnight on glutathione-agarose beads with constant shaking. After extensive washing, ubiquitin conjugates were eluted from the beads with glutathione and quantified using a ␥-counter. The data presented are the relative binding capabilities, where the binding capability of conjugates formed with wild-type ubiquitin is designated as 100%. Conjugates formed with wild-type ubiquitin bound a proteasome subunit with an apparent molecular mass of 53 kDa on the membrane (Fig. 5A,  lane 1 ). Binding to this or any other proteasome subunit was not observed when Lys 6 -biotinylated ubiquitin was used to form the conjugates (Fig. 5B, lane 2) . The 53-kDa proteasome subunit that bound the ubiquitin conjugates was recognized by antibody to S5a (Fig. 5A, lane 3) . Because only S5a bound ubiquitin conjugates under these conditions, we further quantitatively compared the binding to recombinant S5a. Fig. 5B shows that conjugates formed with Lys 6 -biotinylated ubiquitin bound immobilized S5a ϳ80% less than those formed with wild-type ubiquitin. Conjugates formed with K6W mutant ubiquitin also bound S5a substantially less than those formed with wild-type ubiquitin (Fig. 5B) . We also compared the proteasome-binding capabilities of conjugates formed with Lys 6 -modified ubiquitins with those of conjugates formed with L8A mutant ubiquitin, a ubiquitin mutant demonstrated to impair proteasome binding (46 -48) . As shown in Fig. 5B , conjugates formed with Lys 6 -modified ubiquitin bound S5a a little stronger than those formed with L8A mutant ubiquitin.
Intracellular Expression of Lys 6 -modified Ubiquitin Results in Accumulation of Ubiquitin Conjugates, Stabilization of Substrates for the UPP, and Enhanced Susceptibility to Oxidative Stress-As described above, Lys 6 -modified ubiquitin stabilized conjugates and inhibited ATP-dependent degradation in a cellfree system. To determine whether Lys 6 -modified ubiquitin also inhibits the UPP in intact cells, wild-type and K6W mutant ubiquitins were expressed in HEK293 cells. The levels of endogenous ubiquitin-protein conjugates (Fig. 6A ) and the levels of a known UPP substrate, p21 WAF1 , were compared in cells transfected with wild-type or K6W mutant ubiquitin (Fig. 6B) . Expression of wild-type ubiquitin increased the levels of endogenous ubiquitin conjugates by up to 2-fold (Fig. 6A, compare  lanes 1 and 2) . The levels of p21 WAF1 decreased slightly under these conditions (Fig. 6B, compare lanes 1 and 3) . In contrast, expression of K6W mutant ubiquitin increased the levels of high molecular mass ubiquitin conjugates by ϳ10-fold (Fig. 6A,  compare lanes 1 and 3) . The difference in the levels of high molecular mass conjugates between wild-type and K6W mutant ubiquitins was not due to different levels of expression because the levels of free ubiquitin were comparable (data not shown). Expression of K6W mutant ubiquitin increased the levels of p21 WAF1 by Ͼ2-fold (Fig. 6B, compare lanes 1 and 4) . Similar accumulation of p21 WAF1 was observed when the cells were incubated with a proteasomal inhibitor (MG132) (Fig. 6B,  compare lanes 1 and 2) . Likewise, overexpression of K6W mutant ubiquitin in HeLa cells resulted in stabilization of G76V mutant ubiquitin (Ub G76V )-GFP (Fig. 6B, compare lanes 3 and  4) , another known substrate of the UPP (49) . Taken together, these data demonstrate that Lys 6 -modified ubiquitin is a potent and specific inhibitor for the UPP in intact cells.
We showed previously that the UPP is involved in the response to oxidative stress and the removal of oxidized proteins (3, 4, 37, 50, 51) . In this work, we determined the effect of K6W mutant ubiquitin on the ability of cells to cope with oxidative stress. Cells infected with control adenovirus showed limited toxicity as indicated by ϳ10% cell death. Exposure of these cells to 20 M H 2 O 2 for 8 h did not significantly alter cells viability or the percentage of dead cells (Fig. 7, A and B) , indicating that these cells could withstand this modest level of oxidative stress and that infection with control adenovirus had no effect on the susceptibility of these cells to oxidative stress. In contrast, cells infected with the same amount of K6W mutant ubiquitin-encoding adenovirus resulted in a slight decrease in cell viability compared with cells infected with control adenovirus (Fig. 7, A and B) . The cytotoxicity of K6W mutant ubiquitin may be associated with the inhibition of ubiquitindependent proteolysis because proteasomal inhibition also resulted in cytotoxicity in these cells (data not shown). Furthermore, exposure of the cells expressing K6W mutant ubiquitin to 20 M H 2 O 2 for 8 h dramatically decreased cell viability and increased cell death by ϳ80% as compared with those not treated with H 2 O 2 (Fig. 7, B) . Likewise, yeast cells expressing K6R mutant ubiquitin as the sole source of ubiquitin grew similarly to yeast cells expressing wild-type ubiquitin under normal conditions. However, in the presence of canavanine, yeast cells expressing K6R mutant ubiquitin grew significantly slower than yeast cells expressing wild-type ubiquitin (Fig.  7C) , although wild-type and K6R mutant ubiquitins were expressed at similar levels (data not shown). The enhanced susceptibility of Lys 6 mutant ubiquitin-expressing cells to stresses may be due to impaired proteasomal degradation of damaged proteins or canavanine-containing proteins. It has been shown that some oxidized and canavanine-containing proteins are degraded by the UPP. However, the effects of expression of Lys 6 mutant ubiquitin on cell viability may also be related to the abrogation of Lys 6 -linked ubiquitin chains (52).
DISCUSSION
The major observations of this work include the following. 1) Lys 6 was the most readily chemically modified of the 7 Lys residues in human ubiquitin. 2) Lys 6 -modified ubiquitin was incorporated into ubiquitin conjugates as efficiently as wildtype ubiquitin. 3) Mutation or chemical modification of Lys 6 of ubiquitin reduced its ability to stimulate ATP-dependent protein degradation. 4) Conjugates formed with Lys 6 -modified ubiquitin were resistant to degradation by the proteasome, as the conjugates formed with Lys 6 -modified ubiquitin bound to the proteasome with reduced avidity. 5) Expression of K6W mutant ubiquitin in mammalian cells also inhibited ubiquitindependent proteolysis. 6) Impairment of ubiquitin function by modification or mutation of Lys 6 compromised cell viability and 6 -modified Ubiquitin
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